The Xiaoliugou W-Mo ore field lies within the mid-Paleozoic North Qilian Orogen, NW China, and hosts a W resource of 48.8 Mt @ 0.4% and 412.6 Mt of Mo @ 0.075%. 
Introduction
China's W and Mo reserves account for ca. 60% and 40% respectively, of the world's total resource (USGS, 2015) . The majority of the W deposits are clustered in the Nanling region in South China ( Fig.1A ; Peng et al., 2006; Mao et al., 2013; Sheng et al., 2015) , whereas the largest Mo ore field occurs within the Qinling and Dabie orogens in eastern-central China ( Fig. 1A ; Chen and Li, 2009; Huang et al., 2014 . Wang et al., 2014 Mi et al., 2015; Yang et al., 2015; Deng et al., in press ).
Recent exploration and research has shown that the North Qilian Orogen is a well-endowed W-Mo metallogenic province, with numerous large to small scale ore deposits, such as the Xiaoliugou W-Mo ore field that hosts the Xiaoliugou, Qiqing, Guishan, Qibao and Shiji deposits (Fig. 1B) . The majority of these deposits were formed by magmatic-hydrothermal fluids associated with mid-Paleozoic granite intrusions, which are thought to have been emplaced in subduction-or continental collision settings Yang et al., 2002; Xiao et al., 2003; Zhang et al., 2003; Zhou et al., 2004; Li, 2006; Jia et al., 2007; Zhang and Lin, 2010; Gao et al., 2011; Zhao et al., 2014) .
However, detailed investigation in the mineral assemblages is limited, and additional geochronological and geochemical research is needed to elucidate the mineralization processes and possible tectonic settings.
Among the deposits of the North Qilian Orogen, the Xiaoliugou W-Mo ore field is the largest, containing 48.76 Mt of W @ 0.4% and 412.63 Mt of Mo @ 0.075%, as well as exploitable Cu reserves (Fig. 2; 4 th Geological Team of the Gansu Nonferrous Metals
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4 Bureau, 2000) . Published studies indicate that the mineralization occurs along the endoand exo-contact zones of the porphyritic granite intrusions and within the related quartz veins (An and Zhou, 2002; Bai et al., 2005; Liu and Chen, 2005; Tang et al., 2006; Qiao, 2008) .
In this study, we present a comprehensive analysis of mineral assemblages, molybdenite Re-Os and muscovite Ar-Ar geochronology and S-Pb-D-O isotope analyses within the Xiaoliugou W-Mo ore field. This data constrains the age of mineralization and alteration, the tectonic setting, and the source of metals and hydrothermal fluids enabling the development of a metallogenic model for the Xiaoliugou W-Mo ore field.
Regional Geology
The Xiaoliugou W-Mo ore field is located near the town of Qiqing (Sunan County) in Gansu, and is plcaed in the western part of the North Qilian Orogen (Feng and Wu, 1992; Zuo and Wu, 1997; Xia, 1998; Zuo et al., 2002; Du et al., 2004; Li, 2006; Xu et al., 2008) . The North Qilian area is dominated by Precambrian and Paleozoic rocks ( (Li, 2006) .
Regional WNW-trending faults disrupt the rock units (Fig. 1B) .
Granite intrusions in North Qilian account for less than 10% of the total area (Fig. 1B) A C C E P T E D M A N U S C R I P T
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and are divided on the basis of age relationships into pre-, syn-and post-mid-Paleozoic tectono-thermal activity, which in China has traditional been referred to as Caledonian (e.g., Li et al., 2005) . Zircon U-Pb dating results show that the syn-tectonic granites were emplaced between ca. 460 and 420 Ma (Mao et al., 2000; Wu et al., 2006; Jia et al., 2007; Zhang et al., 2008; Zhao et al., 2014) . Wu et al. (2006) proposed that the granitic rocks older than ca. 440 Ma were formed in a subduction-related setting, whereas those younger than ca. 440 Ma were formed in a continental collision setting. 
marbles, phyllite, schists and siltstone subjected to greenschist-amphibolite facies metamorphism (Fig. 2) .
Two sets of faults are recognized at the mine (Fig.2) . One set trends WNW and constitutes part of the regional fault systemin the Qilian Orogen (Fig.2) , whereas the other set occurs as radial faults in the exo-contact zone of the granite and controls the distribution of the orebodies (Fig.2) .
Intrusions of monzogranite and granodiorite mainly lie south of the Xiaoliugou W-Mo mine area (Figs.3C and3D). Zhao et al (2014) reported a U-Pb zircon age for the monzogranite of 454.0 ± 2.0 Ma and for the granodiorite of 417.7 ± 1.7 Ma. The granodiorite is classified as S-type (ilmenite series) based on the ACF diagram (Mao et al., 1999) .
Orebodies of the Xiaoliugou ore field generally occur as veins with lenticular shapes (Fig. 4) . The scheelite-dominated orebodies are hosted in skarn along intrusive contacts (Figs. 4, 5A and 5B). In contrast, the molybdenite-dominated orebodies occur as fault-controlled steeply plunging lodes in the host rocks or scheelite-dominated orebodies (Fig. 5C ). The scheelite-dominated orebodies appear to have been overprinted by the molybdenite-bearing quartz veins (Fig. 5D ). 
Detailed petrographic observations support a paragenetic sequence of early scheelite associated with garnet-epidote skarn, followed by molybdenite-bearing quartz veins. This is subsequently overprinted by pyrrhotite and chalcopyrite (Fig. 5) . The interpreted paragenesis is evidenced by scheelite grains coated with later molybdenite (Fig. 5D ), molybdenite-muscovite-quartz veins overprinted by chalcopyrite mineralization (Fig. 5E ), and chalcopyrite coexisting and synchronous with the pyrrhotite (Fig. 5F ).
Sampling and analytical methodology
4.1.Re-Os geochronology
Two molybdenite samples from Mo-bearing quartz veins, and containing the mineral assemblage molybdenite, quartz, muscovite and minor scheelite, were collected from diamond drill cores ( Academy of Geological Sciences (CAGS). The analytical procedures are described in detail by Du et al. (2004) , and the decay constant (λ) for 187 Re of1.666×10 -11 year -1 was used (Smoliar et al., 1996) .
4.2.Ar-Ar geochronology
Three muscovite samples were separated from the molybdenite-bearing quartz veins (Fig. 5C ). Hand specimen and microscopic observation indicate the muscovite samples
are petrogenetically associated with the molybdenite-quartz veins and appear to be undeformed (Fig. 5C ). Ar results were calculated and plotted using the ArCALC software (Koppers, 2002) and the decay constants of Steiger and Jager (1977) . The age uncertainties are reported at the 95% confidence level (2σ). The plateau ages are defined according to the prerequisites introduced by Fleck et al. (1977) . At least two steps with >80%of released 39 Arin total, whose ages are within 2σ of the mean value, were calculated by weighing with inverse variance.
S-Pb-D-O isotope analyses
Four sulfides and nine granite samples were analyzed for isotopes of S and Pb in this study. The sampling locations, occurrences and mineralogical compositions of sulfides 204 Pb/ 206 Pb = 0.059042 ± 0.000037, with uncertainties of < 0.1% at the 2σ level.
Ten representative quartz samples related to molybdenite or scheelite were selected for D-O isotopic analyses at CNNC, Beijing. The representative sample of quartz related to molybdenite is shown in Figure 5C , and the sampling location is marked in Figure 4 . All the analyzed sulfide and quartz grains were separated through conventional preparation techniques including crushing, oscillation, heavy liquid and magnetic separation, with an analytical precision of ± 2‰ (1σ).
Results
Age dating results
Results of the two molybdenite analyses in this studyand the published data of Mao et al. (1999) Table 2 . The corresponding plateau ages and inverse isochron ages are plotted in Figure 6 .The muscovite separates yielded plateau ages of 392.0 ± 2.7 Ma (MSWD = 0.03), 391.1 ± 2.7
Ma (MSWD=0.09) and 391.4 ± 2.8 Ma (MSWD=0.09), respectively, as defined by gas emissions from the 900-1300C step-heating stages (with > 85% of 39 Ar gas released).
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The inverse isochron age defined by total gas release of 12 stages is 392.2 ± 1.9 Ma (MSWD = 1.37), 391.1 ± 1.9 Ma (MSWD = 0.27) and 392.4 ± 2.4 Ma (MSWD = 1.73). 
Sulfur isotopic compositions
Results of the S-isotope analyses for pyrite and molybdenite obtained in this study and data compiled from the literature are presented in Table 3 . The δ 34 S values for the molybdenite range 7.70−11.67‰, and pyrite range 4.98−13.17‰.
Lead isotopic compositions
The Pb isotope values for pyrite, molybdenite and chalcopyrite, granite and host rocks from this study combined with published data are presented in 
D-O isotopic compositions
The D-O isotope analyses of quartz and fluid inclusions in quartz from the Xiaoliugou deposit are shown in Table 5 
Discussion
6.1.Source of metals and ore-forming fluids
Concentration of Re in molybdenite can be used to tracetheorigin of metals and tectonic settings due to a decrease of Re from the mantle to the crust Stein et al., 2001a) . Molybdenite sourced from mantle materials or oceanic crust shows higher Re concentrations (n10 2 ppm), whereas molybdenite originating from continental crustal rocks contain lower Re concentrations (n-n10 ppm; Stein et al., 2001b; Deng et al., 2014a, b; Mi et al., 2014) . The molybdenite from the Xiaoliugou Mo deposit shows low Re contents (6.23-14.87 ppm) (Table 1) , suggesting a crustal derivation.
The well-developed greisenization in the ores (Fig. 5C ) implies that the ore-forming hydrothermal system had a pH<6 (Pirojno, 2009). Additionally, fluid inclusion homogenization temperatures were calculated to be below 500 C (Zheng, 2008) . This, combined with a lack of sulfate minerals associated with the ore, suggests that the sulfur
in the hydrothermal fluids system was mainly in the form of H 2 S. Therefore, the sulfur of the sulfide represents the S-isotopic composition of hydrothermal fluids. The δ 34 S values for the ore-forming fluids range from 4.98 to 13.17‰, which is significantly larger than that of magmatic sulfur (0±1‰) (Pirajno, 2009 ). The range of S-isotopic compositions is closer to that reported for sedimentary rocks (Leach et al., 2005; Gregory et al., 2015) , which implies that there was a sedimentary source for the sulfur, possibly with a magmatic contribution.
Lead isotope compositions of pyrite, molybdenite, granite and host rocks are plotted in the diagram of Zartman and Doe(1981) (Fig. 7) . The Pb-isotopic composition of pyrite is plotted between the upper crust and mantle fields and shows a steeply dipping distribution. This indicates the fluids that formed the pyrite were from a mixed source (Zartman and Doe, 1981) . In contrast, the Pb-isotopic composition of molybdenite shows Previously studies showed that granite and host rocks in the region contain higher W and Mo concentrations than normal upper crustal rocks and granites (An and Zhou, 2002; Liu and Chen, 2005; Bai et al., 2005; Tang et al., 2006; Qiao, 2008) . Combining this with our S-Pb-D-O isotope data, we conclude that the metals of Xiaoliugou W-Mo ore field were mainly derived from the granite intrusions but with a contribution of sedimentary rocks, and that the ore-forming fluids were dominated by magmatic-hydrothermal fluids mixed with minor meteoric fluids. Granitic magma is estimated to take about 10 Ma to cool (Gao et al., 2011) . Therefore, even a combination of systematic error, dating precision, and different closure temperatures are insufficient to account for the large age span, which may represent the time it took for the system to evolve from a skarn to vein-style mineralization.
6.2.Ore-forming age and tectonic setting
The mineralization age of ca. 430−390 Ma is similar to the transition time from
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15 crustal shortening to the post-orogenic extension within the North Qilian Orogen Jia et al., 2007; Zhang et al., 2008) . Geochemical discrimination diagrams of the intrusive rocks at Xiaoliugou also support a syn-to post-collision setting (Mao et al., 2000; Zhao et al., 2014) . Combining with other geological and geochemical evidence, we conclude that the Xiaoliugou W-Mo deposit was formed in the Qaidam -North China collisional setting as illustrated in Figure 9 . In addition, the start of mineralization at around 430 Ma post-dates regional models of the termination of subduction in the region . Similar long periods of mineralization have been identified in other continental collisional settings. The Yanshanian continental Mo metallogeny in Qinling occurred from ca. 156 to 109 Ma, with ore-forming events lasting ca.47 Ma (Li et al., 2011a (Li et al., , b, 2012a (Li et al., , b, c, 2013 Yang et al, 2012 Yang et al, , 2013a Yang et al, , 2013b Yang et al, , 2014 Deng et al., 2013a Deng et al., ,b,c, 2014a Deng et al., ,b, 2015 . The Au-Cu-Pb-Zn mineralization related to Indosinian collisional orogenesis in the Central Asian Orogenic Belt occurs from ca. 260-204 Ma (Zheng et al, 2012 (Zheng et al, , 2013 (Zheng et al, , 2015 (Zheng et al, , 2016 ) over a period of 56 million years.
6.3.Implications for ore genesis
The skarn-and vein-type ores at Xiaoliugou are distributed along the intrusive contacts of associated granitic bodies (Figs. 2 and 3) . The scheelite-dominated exo-and endo-skarn orebodies are overprinted by the molybdenite-rich quartz muscovite veins (Fig. 4) . This suggests that the W in the Xiaoliugou deposit was formed as a typical skarn deposit and may have been later overprinted by Mo-bearing hydrothermal fluids. Mao et al. (1999) showed that the granite and sedimentary host rocks contain higher W and Mo concentrations than usual. Additionally, our new Re-Os and S-Pb-D-O
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
16 isotopic data reveal that the metals of the ores originated from the granites with an additional contribution from the host sedimentary rocks.
Two molybdenite and three muscovite samples yielded alteration and mineralization ages of ca. 428-391 Ma, during the time in which the North Qilian Orogen was in transition from syn-orogenic crustal shortening to post-orogenic extension ).
Based on the ore deposit geology, geochronology, and S-Pb-D-O isotope data of the Xiaoliugou W-Mo ore field, and in comparison with similar magmatic-hydrothermal deposits (i.e., Qinling and Dabie orogens, east-central China, Chen and Fu, 1992; Chen et al., 2004 Chen et al., , 2008 Chen, 2006 Chen, , 2013 Li et al., 2011a Li et al., , b, 2012a Li et al., , b, c, 2013 Yang et al, 2012 Yang et al, , 2013a Yang et al, , 2013b Yang et al, , 2014 Deng et al., 2013a Deng et al., ,b,c, 2014a Deng et al., ,b, 2015 Liu et al., 2014 Wang et al., 2014; Mi et al., 2015) , we conclude that the Xiaoliugou W-Mo ore field is a skarn W-Mo ore-forming system generated in a continental collision setting (Fig.9 ).
Conclusions
(1) Paragenetic sequence of the Xiaoliugou W-Mo mineralization is represented by early scheelite-bearing garnet-epidote skarn formation, followed by molybdenite-bearing quartz-muscovite vein mineralization, and overprinted by pyrrhotite and chalcopyrite.
(2) Molybdenite Re-Os and muscovite Ar-Ar dating constrains W-Mo mineralization to ca. 428-391 Ma, when the region was in a continental collision setting. 
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